An investigation has been made of the RNA synthesized by chromatin-bound RNA polymerase from soybean hypocotyls (Glycine max var. Wayne). Polymerase activity is 4-to 5-fold higher with chromatin from tissue treated with 2,4-dichlorophenoxyacetic acid, a synthetic auxin, compared to untreated tissue. Thin layer chromatography of the RNA hydrolysis products and acrylamide gel electrophoresis of the RNA synthesized by the chromatin show that increased activity induced by 2, 4-dichlorophenoxyacetic acid is due primarily to the production of longer RNA chains, with only 20 to 50% increase in the number of RNA chains. The observation that 2, 4-dichlorophenoxyacetic acid treatment leads to greater rates of RNA synthesis, producing longer chains in unit time, suggests that one manifestation of auxin activity is in activation of RNA polymerase I (ribosomal RNA polymerase).
Many animal and plant hormones cause the production of copious amounts of ribosomes in target tissues (5, 6, 12, 13, 20) . In numerous cases, this synthesis is correlated with an increase in nuclear or chromatin-bound RNA polymerase I activity (ribosomal RNA polymerase) (7, 20, 23) . Chromatin isolated from auxin-treated soybean hypocotyls has several fold greater RNA polymerase activity than does chromatin from control tissue (7, 9, (15) (16) (17) . We find the enzymatic activity to be aamanitin insensitive, and thus presumably due to polymerase I (7) . However, outside of the rate of nucleotide incorporation into RNA, there is striking similarity between the auxintreated and control chromatin. Both preparations plateau at about the same time, show the same requirements for divalent ions and ionic strength, and have the same sensitivity to inhibitors (7) .
There is little information as to how the increased activity due to hormone is being secured. Increased activity could result from more polymerase molecules being active in transcription (more RNA molecules formed), or from greater rates of enzymatic activity (longer RNA molecules formed). Barry and Gorski (1) reported that the RNA molecules synthesized by isolated nuclei following estradiol treatment of rat uteri were longer than controls but equal in number. They concluded that equal numbers of polymerase I enzymes were transcribing in control and hormone-treated nuclei, and that estradiol had somehow activated the enzyme. Johri and Varner (11) reported that the RNA synthesized by barley aleurone nuclei was of greater length following gibberellic acid treatment, as revealed by sucrose density centrifugation. However, in this case the polymerase (I or II) activity was not characterized.
We have now determined the relative number and size of the RNA molecules synthesized by control and 2,4-D-treated chromatin. The results are similar to those reported for rat uterus nuclei (1) : about the same number of polymerase I molecules are transcribing, but those associated with 2,4-D chromatin are more active and produce longer molecules in unit time.
MATERIALS AND METHODS
Chromatin from 4-to 5-day-old etiolated soybean hypocotyls (Glycine max var. Wayne) was isolated according to the method of Huang and Bonner (10) with slight modifications (7) . The final chromatin pellet was washed with 20 ml of a 1 % Triton X-100 solution containing 50 mm tris-HCI (pH 8.0) and 10 mM 2-mercaptoethanol. The detergent-treated chromatin was pelleted at 17,000g and rewashed twice with buffer minus the detergent. The washed pellet was suspended in 25 mm tris-HCI (pH 8.0), 10 mM 2-mercaptoethanol, and 50% glycerol. This chromatin suspension was used for RNA polymerase assays immediately or could be stored in liquid nitrogen for up to 1 month without loss of activity.
RNA polymerase activity was assayed in the presence of 70 mm tris-HCl (pH 8.0), 10 mM MgC12, 10 and perchloric acid-precipitable material were collected by centrifugation at 10,OOOg for 10 min. The supernatant was carefully decanted, and the pellet was rewashed with 1 ml of 5% perchloric acid. The two supernatants were combined, and 20 mg of activated charcoal were added. The charcoal suspension was held on ice for 1 hr, then the charcoal was pelleted by centrifugation. The charcoal pellet was washed once with ice-cold glass-distilled water and repelleted. After addition of 1.5 ml of 5% pyridine in 50% ethanol, the charcoal suspension was shaken at 37 C for 2 hr. The charcoal was then pelleted, and the supernatant was decanted. A 0.5-ml wash with 5% pyridine in 50% ethanol was added to the original supernatant, and residual charcoal remaining in the supernatant was removed by millipore filtration. After evaporation of the solution in vacuo, the residue was dissolved in 30% ethanol containing carrier CTP, CMP, and cytidine. Aliquots were spotted on polyethyleneimine cellulose thin layers (5 x 20 cm) and chromatographed with water as the solvent. The chromatograms were dried, and the nucleotides and nucleoside were located by UV light. The cytidine spot which moves very close to the front was cut out. The remaining chromatogram was rechromatographed using 1 M LiCl as the solvent to separate CMP from CTP. The CMP and cytidine spots which were cut out in equal dimensions were scraped off the plastic support into scintillation vials. After the polyethyleneimine cellulose was ground to a fine powder, 10 ml of Bray's scintillator (2) containing sufficient Cabosil to suspend the cellulose powder were added. The vials were counted in a Packard Tricarb scintillation counter at approximately 10% efficiency. Appropriate corrections were made for background and degradation of CMP to cytidine during alkaline hydrolysis (1) .
Gel electrophoresis of the RNA synthesized in vitro was carried out to determine chain length. The RNA polymerase assays were terminated by adding 5 volumes of ice-cold 10 mM tris-HCl (pH 7.8) and 50 mm NaCl. The chromatin was pelleted at 20,000g for 10 min. More than 95% of the 3H-RNA remained tightly bound to the chromatin. The chromatin pellet was washed twice with 10 mm tris-HCl (pH 7.8) and 50 mM NaCl to remove unincorporated nucleotides. The washed pellet was suspended in 10 mm tris-HCl (pH 7.8), 50 mm NaCl, 10 mM EDTA, and 1% sodium lauryl sulfate. An equal volume of phenol containing 10% m-cresol and 0.1% hydroxyquinoline was added, and the mixture was shaken at 0 C. A second volume of chloroform containing 1 % isoamyl alcohol (as suggested by Penman [18] ) was finally added, and the mixture was shaken for 5 min at 0 C. The mixture was centrifuged at 17,000g for 15 min, and the aqueous layer was decanted. The phenol-chloroform phase was re-extracted with a fresh aqueous phase, and after centrifugation the second aqueous phase was added to the first. The aqueous phase was then re-extracted with a fresh volume of phenol-chloroform. The aqueous layer was decanted after centrifugation and made 0.15 M with respect to sodium acetate (pH 6). After addition of 2.5 volumes of ice-cold absolute ethanol, the RNA was precipitated at -20 C for 12 hr. More than 90% of the 'H-RNA was recovered from the chromatin. The RNA precipitate was washed three times with 95% ethanol and dried in vacuo. Gel electrophoresis of the RNA was carried out according to the method of Loening (14) on 3% gels for 110 min at 6 mamps/gel. After electrophoresis, the gels were soaked in distilled water for 60 min and then scanned at 260 nanometers using a Gilford spectrophotometer Model 240 with linear transport attachment. The gels were then placed in aluminum foil boats 60 mm long and frozen with Dry Ice. The frozen gels were sliced with a Mickle gel slicer (Brinkmann Instruments). Slices were added to scintillation vials and incubated with 30% hydrogen peroxide at 70 C for 24 hr after being tightly capped. After cooling, 10 ml of Bray's scintillator (2) were added to the dissolved gels, and the vials were counted in a Packard Tricarb scintillation counter.
Whole soybean RNA which was used for markers on the gels was prepared according to the method described by Vanderhoef et al. (22) .
3H-CTP was purchased from New England Nuclear; electrophoresis compounds were from Bio-Rad Laboratories; especially pure sodium lauryl sulfate was from British Drug House; and polyethyleneimine cellulose thin layer chromatograms were from Brinkmann Instruments.
RESULTS
The time course for RNA synthesis by chromatin-bound RNA polymerase at 24 C is nearly linear for the first 10 min but begins to decrease in rate thereafter (Fig. 1) . The rate of RNA synthesis is several fold greater with chromatin from 2,4-D-treated hypocotyls. Dilution of specific radioactivity of 'H-CTP by 80-fold at 5 or 15 min stops further incorporation of 'H-CTP into RNA and permits one to examine the continued growth of RNA chains at the 3' termini. It is also apparent from Figure 1 that at 24 C endogenous ribonuclease activity is insignificant, since the chase experiments demonstrate that the in vitro RNA product is stable for up to 60 min.
To determine whether the increased activity induced by 2,4-D treatment is due to more polymerase enzymes or more active ,ul) were removed from the 1-ml reaction mixture and precipitated with 5% trichloroacetic acetic acid and 1% sodium pyrophosphate at the times indicated. The precipitates were collected, washed, and counted on GF/A glass fiber discs (7) . Arrows indicate where the 'H-CTP specific radioactivity was diluted 80-fold with cold CTP. enzymes, the number of RNA chains and their relative for 2, 4-D and control chromatin were investigated. ionic strength, there is little if any reinitiation of RNi merase molecules, thus the number of RNA chain estimate of the number of polymerase enzymes active scription (3, 19) .
When the 3H-RNA synthesized by the chromatir polymerase is hydrolyzed in alkali, the degradation p are ribonucleoside monophosphates from the interior RNA chains, ribonucleosides from the 3' ends, and ribo side tetraphosphates from the 5' ends. The level of cleoside monophosphates is a reflection of chain lengtl the level of ribonucleosides corresponds to the number c chains. Since the 3' ends are the actively growing ends, dilution of specific radioactivity of 3H-CTP at a point al linear phase of RNA synthesis should chase out the active 3' termini.
RNA was hydrolyzed and the hydrolysis produci separated by polyethyleneimine cellulose thin layer c tography (Fig. 2) . After 5 min of incubation, the 3] level is 5-fold higher for chromatin from 2, 4-D-treate4 cotyls ( Fig. 2A) . This level is unaffected when the specific radioactivity is diluted 80-fold and the reacti4 tinued for 5 more min. Although there is a 5-fold di] in incorporation within the interior of the RNA chains induced by 2,4-D, the number of 3' RNA ends of control and 2,4-D treated chromatin show little difference in levels of incorporation at S min (Fig. 2B ). An additional 5 min of incubation after 300 80-fold dilution of 3H-CTP specific radioactivity results in approximately 40% reduction in both control and 2, 4-D cytidine counts. This suggests that at least this percentage of 200 RNA chains are still elongating after 5 min of incubation. Figure 2 , C and D, show the results of another pulse-chase experiment where the 5-min chase is delayed for 15 min. After 100 15 min, the reaction rate has decreased several fold (Fig. 1), and thus the 3' ends should be more difficult to chase out. Figure 2D shows that this is indeed the case, since no significant change in cytidine counts is seen after a 5-min chase. The plateau in activity is due to termination of chain lengthening.
The pulse-chase experiments indicate that the 2, 4-D induced increase in RNA polymerase activity is due to more active polymerase enzymes. This increased activity is manifested in vitro by the production of longer RNA chains in the 300 initial phase of synthesis. In search for additional experimental support for this observation, we examined by electrophoresis on acrylamide gels the 3H-RNA synthesized by control and 200 2, 4-D chromatin. After 5 min of incubation, the RNA synthesized by 2,4-D chromatin has an average greater length than control chromatin RNA (Fig. 3) . If the reaction is con-00 tinued for 20 min, the RNA patterns are more heterogenous, but the average length is still greater for 2,4-D than control chromatin (Fig. 4) Although chromatin-bound RNA polymerase assays are not completely physiological (i.e. the reaction stops before precursor ribosomal RNA molecules are formed), the results are consistent with the rapid and extensive ribosome synthesis elicited by 2,4-D in vivo (5, 6, 13) . It is not known why the in vitro reactions plateau so rapidly, but it is obviously a characteristic of the assay system since it affects both types of chromatin. Even within this limitation, however, it is clear that the net effect of auxin treatment has been to accelerate the transcription process, presumably by activating polymerase I molecules.
If there are nearly equal numbers of polymerase molecules active in control and 2,4-D chromatin, then the increased activity could be due either to a direct activation of the polymerase enzymes or to release of more readily transcribed template. Hardin and Cherry (8) have reported that the 2,4-D induced increase in amanitin insensitive RNA polymerase activity is still observable if the polymerase is solubilized and thus made dependent on an exogenous source of DNA. Teissere et al. (21) reported that the auxin-stimulated RNA polymerase I, solubilized from lentil roots, is the result of increased specific 113 activity of the nucleolar enzyme. These observations taken together with ours suggest that the ribosomal RNA polymerase may be directly activated. When the soybean RNA polymerases have been highly purified and stabilized, it will be interesting to study the means of this activation (i.e. protein factors, phosphorylation of polymerase subunits, or production of altered polymerase subunits).
